Emiliania huxleyi is a unicellular marine alga that is considered to be the world's major producer of calcite. The life cycle of this alga is complex and is distinguished by its ability to synthesize exquisitely sculptured calcium carbonate cell coverings known as coccoliths. These structures have been targeted by materials scientists for applications relating to the chemistry of biomedical materials, robust membranes for hightemperature separation technology, lightweight ceramics, and semiconductor design. To date, however, the molecular and biochemical events controlling coccolith production have not been determined. In addition, little is known about the life cycle of E. huxleyi and the environmental and physiological signals triggering phase switching between the diploid and haploid life cycle stages. We have developed laboratory methods for inducing phase variation between the haploid (S-cell) and diploid (C-cell) life cycle stages of E. huxleyi. Plating E. huxleyi C cells on solid media was shown to induce phase switching from the C-cell to the S-cell life cycle stage, the latter of which has been maintained for over 2 years under these conditions. Pure cultures of S cells were obtained for the first time. Laboratory conditions for inducing phase switching from the haploid stage to the diploid stage were also established. Regeneration of the C-cell stage from pure cultures of S cells followed a predictable pattern involving formation of large aggregations of S cells and the subsequent production of cultures consisting predominantly of diploid C cells. These results demonstrate the ability to manipulate the life cycle of E. huxleyi under controlled laboratory conditions, providing us with powerful tools for the development of genetic techniques for analysis of coccolithogenesis and for investigating the complex life cycle of this important marine alga.
Emiliania huxleyi is a unicellular alga that is distinguished by its exquisitely sculptured calcium carbonate cell coverings known as coccoliths (Fig. 1 ). E. huxleyi is found throughout the world's oceans and forms extensive blooms sometimes greater than 100,000 km 2 , with cell densities up to 10,000 cells ml Ϫ1 (5, 18) . It is also considered to be the world's major producer of calcite (35) . Because of its relative abundance, widespread distribution, and ability to fix carbon into both organic and biomineralized products, E. huxleyi has attracted the attention of research scientists interested in global carbon cycling (10, 18, 31) . E. huxleyi has also been targeted by materials scientists who are interested in the biomineralized skeletons for applications relating to materials chemistry. Such porous shells of calcium carbonate have been targeted by materials scientists as having potential significance as lightweight ceramics, catalyst supports, and robust membranes for high-temperature separation technology (34) . Biomedical applications include the use of these biomineralized materials for construction of artificial bone in humans (8, 30, 32) , scaffolding supports in tissue engineering (2, 7), complement activation enhancement (29) , artificial dental root construction (6, 26) , and biomedical implants (34) . While a general understanding of some of the ecophysiological aspects of calcification and coccolithogenesis in E. huxleyi has been obtained, little information on the life cycle of this organism is available.
The life cycle of E. huxleyi is complex and involves several different cell types including coccolith-bearing cells (coccolithophores; C cells), nonmotile naked N cells, and motile, scalebearing swarm cells (S cells), each of which can exist independently and reproduce vegetatively (15, 19) (Fig. 1) . In liquid culture, N and S cells frequently arise from C cells. The interrelationships between these different cell types and the mechanisms that govern these phase variation events, however, have not been defined. Flow cytometry data indicate that the DNA complement of the motile S cells is half that of the C cells (15, 24) . This suggests that the S-and C-cell types are haploid and diploid with respect to one another and that the S cells may represent a gametic stage. Billiard (4) and Green et al. (15) contend that the C cell and the S cell act as alternate phases of a life cycle involving meiosis and syngamy. Whether E. huxleyi is a monoecious or dioecious alga, however, is not known. While it seems likely that the life cycle of E. huxleyi involves a sexual stage, meiotic division leading to the formation of S cells acting as gametes has never been documented, nor has the actual fusion of the S cells in sexual reproduction. Prior to this study C cells and S cells have only been observed in liquid culture, and the physiological and molecular signals controlling interconversion of these cell types remain unknown (15) . To understand the life cycle of E. huxleyi, the environmental and physiological conditions that trigger E. huxleyi C cells to exit the mitotic cycle and initiate sexual reproduction must be defined.
In this report we describe conditions for induction of phase switching from the diploid coccolithophore cell (C-cell) to the haploid swarm cell (S-cell) life cycle stages of marine alga E. huxleyi. We also describe a mechanism for induction of the reverse change, from S cell back to C cell. To our knowledge, this is the first report demonstrating plating of E. huxlyei on solid media, a laboratory condition which we have found induces differentiation of the diploid life cycle stage to the haploid gametic stage. The ability to manipulate the life cycle of E. huxleyi in the controlled laboratory environment, as demonstrated herein, represents a powerful tool for identifying the mechanisms underlying the phase transition from vegetative growth to sexual reproduction in E. huxleyi. In addition, these data will aid in the development of genetic tools for investigating the molecular mechanisms governing the processes of calcium carbonate biomineralization and coccolithogenesis in this organism.
MATERIALS AND METHODS
Media and growth conditions. E. huxleyi strain 1516 was obtained from the Provasoli-Guillard National Center for Culture of Marine Phytoplankton. Stock cultures were maintained by inoculating cells into 75 ml of F/50 or F/2 medium (17) in 250-ml flasks. Cultures were incubated photoautotrophically at 17 to 18°C under cool white fluorescent light (660 mol ⅐ m Ϫ2 ⅐ s
Ϫ1
) and under either a continuous-light or a discontinuous-light (12-h dark, 12-h light) cycle. Previous reports had shown that coccolith production in E. huxleyi was enhanced in cells grown on F/50 versus F/2 media. Consequently, most experiments described in this study utilized F/50 as the growth medium, unless noted otherwise. Growth on plates was obtained in F/50 media supplemented with 1.5% Agar Select (Sigma Co., St. Louis, Mo.). Other agar sources employed in the plating media (e.g., Difco agar and agarose) inhibited or prevented growth of strain 1516.
PCR amplification of the RubisCO large-subunit and 16S rRNA genes. Amplification the ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) large-subunit gene from E. huxleyi (14) was obtained with the following primers: 5Ј-ACTGCTACATGGACTGTAGTA-3Ј and 5Ј-TAGATCTAATGCAGTTTG AAG-3Ј. Single-colony isolates were picked from agar plates and resuspended in 15 l of Tris-EDTA buffer; 5 l of the resuspended cells was then used in a standard PCR with a 10-min hot start at 95°C and a 52°C annealing temperature. A similar strategy was employed for amplification of the 16S nuclear ribosomal DNA gene from E. huxleyi (3) using the following E. huxleyi-specific primers: 5Ј-AGTCATATGCTTGTCTCA-3Ј and 5Ј-GATAAGGTTCGGACAGCTT-3Ј.
Induction of phase switching from diploid to haploid stages. Single colonies of strain 1516 consisting exclusively of S cells were obtained by plating dilutions of late-log-to early-stationary-phase cultures (ca. 6 ϫ 10 5 to 8 ϫ 10 5 C cells⅐ml Ϫ1 ) on F/50 medium plates and incubating them for 48 h at 18°C on a 12-h light, 12-h dark cycle. For experiments where a lawn of S cells was desired, C-cell cultures at densities of 10 5 cells/ml or greater were plated and incubation was extended to 4 or 5 days to ensure complete transition to the S-cell stage. Phase transition to the S-cell stage was confirmed by phase-contrast microscopy of cells resuspended from the plates. Data on the rate of conversion of C to S cell was obtained by resuspending cells from plates at specific time intervals and counting the C cells present and comparing this number to the original number plated. Duplicate plates were counted for each time point, and the average C-cell number was recorded. The rate of decrease in C-cell number per hour was determined from four independent experiments, and the average rate of C-cell conversion to S cells was recorded as the percent decrease in C-cell number per hour.
Induction of phase switching from haploid stage to diploid stage. To regenerate the diploid C-cell stage from S cells, the latter were collected from a single plate with ca. 2 ml of F/50 medium, pelleted gently (3 min at 1,500 ϫ g), and then resuspended in a final volume of 100 to 250 l of F/50 medium. This concentration step was essential for successful S cell-to-C cell phase transition, suggesting that there may be an attrition rate when resuspending S cells from an agar surface and/or that only a small subset of E. huxleyi cells may be capable of gametogenesis. The resuspended cells were then inoculated into 24-well microtiter plates containing 2.5 ml of the same medium. Phase transition from the Sto the C-cell stage was monitored by phase-contrast or Nomarski optics microscopy.
To establish the relative efficiency of regenerating the diploid C-cell stage following phase transition to S cells, known concentrations of C cells (10 4 , 10 5 , and 10 6 cells⅐ml
) were plated and incubated for 4 to 5 days to allow complete transition of each original C-cell population to the S-cell stage. Duplicate plates of the original C-cell populations were employed in all experiments. Following harvesting of S cells from their respective plates, various dilutions of each culture (1:10, 1:25, and 1:50 [vol/vol] final) were inoculated into microtiter wells and incubated at 18°C on a 12-h light, 12-h dark cycle for 10 to 11 days. Direct microscopic counts of C cells were then performed, and densities were compared with the respective original densities of plated C cells. Diploid-cell regeneration efficiency was determined from the results of three independent experiments performed at each of the original C-cell culture densities listed above.
Flow cytometry. E. huxleyi strain 1516 cells from mid-log-and late-stationaryphase liquid-grown cultures (10 ml, representing a minimum of 1 ϫ 10 6 to 3 ϫ 10 6 C cells) were pelleted by centrifugation at 1,600 ϫ g for 15 min at 4°C and washed once with sterile phosphate-buffered saline (PBS; 4.3 mM Na 2 HPO 4 ⅐ 7H 2 O, 1.4 mM KH 2 PO 4 , 2.7 mM KCl, 137 mM NaCl [pH 7.3]). Cells were fixed by resuspending them in 90% methanol (MeOH) and passed through a 25 1 ⁄2-gauge syringe several times to reduce clumping. Cells were stored in MeOH at Ϫ20°C for a minimum of 24 h prior to staining. Large-scale preparation of S-cell cultures was performed by spreading 2 ml of mid-log-phase cells (ca. 1 ϫ 10 6 to 2 ϫ 10 6 C cells) onto F/50 agar plates (Nunc; Bio-Assay dish; 245 by 245 by 25 mm) and incubating the plates for 4 to 5 days as described above. Cells were resuspended from plates in 20 ml of F/50 medium and prepared for staining as described for liquid-grown cells. To ensure complete dispersal of the resuspended cells from agar surfaces, S cells were passed several times through a 20-gauge syringe, followed by several passages through a 25 1 ⁄2-gauge syringe. Following fixation, the cell samples were harvested and washed in 1 ml of PBS by centrifugation for 30 s at 10,000 ϫ g. Cells were stained in 1 ml of PBS buffer containing propidium iodide (10 or 50 g ⅐ ml
; Sigma Co.) and RNase A (100 g ⅐ ml to C cells increased throughout stationary phase (data not shown), supporting previously described microscopic observations suggesting that the production of S cells from C cells was most pronounced during stationary-phase growth (19) . The average diameter of the C-cell population increased during stationary phase compared to that during log-phase growth (average cell diameters: log phase, ϳ4 to 6 m; stationary phase, ϳ7 to 10 m). This was presumably due to the continued accumulation of CaCO 3 coccolith material in batch cultures of strain 1516 when grown on F/50 media (low levels of phosphate and nitrate) as previously described (21) .
RESULTS

Growth of E. huxleyi strain 1516 in continuous light versus a light-dark incubation cycle. The light-scattering effects of the
Growth of E. huxleyi strain 1516 on solid media. E. huxleyi strain 1516 was grown photosynthetically in liquid batch cultures to late log or early stationary phase. Figure 3 shows the results of a typical plating experiment in which serial dilutions of C-cell batch cultures (ca. 2 ϫ 10 6 cells⅐ml Ϫ1 ) were spread onto F/50 plates and incubated under photosynthetic conditions (continuous light, or 12-h light, 12-h dark cycle) for 4 to 5 days. Duplicate plates of each dilution were incubated in the dark as controls; however, no growth was observed on any of the plates under these conditions. Photosynthetically incubated plates showed pinpoint colonies present within 24 to 48 h of incubation, with maximum plate growth obtained after 4 to 5 days (Fig. 3) . Calculation of plating efficiency utilizing viablecell counts was not possible due to a phase transition phenomenon induced upon plating E. huxleyi on solid media. Diploid C cells appeared to differentiate into numerous S cells within 48 h after plating. Two or three distinct colony morphologies were observed on the plates, ranging from very small (Ͻ1-mmdiameter) to larger (Ͼ5-mm-diameter) colonies (Fig. 3) . The color of the colonies ranged from clear to colorless, creamy to opaque, and green to yellow. Pigmented colonies appeared only after extended incubation on agar plates (Ͼ2 weeks).
We monitored the fate of plated cells for the presence of coccolith-forming C cells within a given colony microscopically using plane-polarized light birefringence (37, 38) . This cell type, however, could be detected only up to approximately 24 to 40 h of incubation on solid media. Microscopic observations of colonies within this time period showed numerous ruptured C cells with tiny S cells present both inside and around the periphery of these C cells (see Fig. 5A, 12 h ). In general, coccolith-producing C cells could not be detected from any colony sampled after 48 h of incubation on solid media. At this time all plates contained small (ϳ0.5-to 1.0-m-long), often highly motile, S cells exclusively.
Liquid cultures and plate cultures of our laboratory strain 1516 were routinely checked for bacterial contamination by streaking onto rich media (e.g., Luria-Bertani media) and incubating them in the dark at 23 and 37°C. Cultures were also checked for contamination by utilizing the BBL Enterotube II Multitest biochemical assay system to detect the presence of bacteria, particularly members of the Enterobacteriaceae and Vibrioaceae. All contamination checks under these conditions were consistently negative. In addition, routine checks of E. huxleyi strain 1516 cultures employing media for growth of marine methylotrophic bacteria (organisms capable of growth on one-carbon compounds) were also consistently negative. No growth on F/50 plates in the dark was observed under these conditions, demonstrating that growth was absolutely dependent on photosynthesis.
Given the lack of any molecular data regarding life cycle relationships between S cells and C cells observed only from liquid culture, we employed PCR to unequivocally determine the identity of the plated cells. Utilizing the published sequence data of the E. huxleyi RubisCO large-subunit (rbcL) gene, primers hybridizing close to the 5Ј and 3Ј ends of the gene were constructed. DNA was extracted from liquid-grown cells and amplified using the rbcL gene primers, and the expected 1.2-kb PCR product was generated (Fig. 4, lanes 4 and  5) . This product was sequenced and was confirmed to contain the predicted portion of the RubisCO large-subunit gene from E. huxleyi. The PCR product amplified from two single-colony isolates (lanes 2 and 3) was also of the expected 1.2-kb size. Subsequent sequence data for the fragments from these colony isolates also identified the E. huxleyi RubisCO large-subunit gene and thus confirmed the identity of the S cells on plates as E. huxleyi (data not shown). The identity of the plated cells was also confirmed by 16S rRNA sequence analysis of the PCRamplified rRNA gene product from single colonies (data not shown).
Induction of the C cell-to-S cell phase transition on agar plating media. To further investigate the apparent phase transition of C cells to S cells on agar media, we monitored the fate of plated C cells at various times by Nomarski optics microscopy as well as by direct cell counts. Figure 5 shows the sequence of events from a typical experiment following plating of liquid-grown cultures onto solid media. At time zero, a large population of mid-log-phase C cells was spread onto the surface of an F/50 plate, and a sample taken prior to incubation in the light consisted of predominantly C cells (Fig. 5A) . Direct microscopic counts showed a steady decrease in the number of C cells present starting at approximately 6 h after incubation on plates. At 12 h, increasing numbers of S cells, along with (Fig. 5A ) and direct counts showed nearly an 80% decrease in the C-cell population (Fig.  5B) . By 48 h, 98% of the original C-cell population had differentiated to S cells ( Fig. 5A and B) . The average rate of C cell-to-S cell phase transition ranged between 2 to 3% per h when late-log-to early-stationary-phase C cells were plated. When C cells at the same concentration were heat treated (10 min at 55°C) prior to plating, phase transition to S cells did not occur, indicating that viable C cells were required for this phase transition to the haploid S-cell stage observed on agar plates (data not shown). Currently, the number of S cells generated from a single C cell is unknown. However, the results from plating experiments suggest that this number may be quite large. For example, when C cells at a known concentration were plated, the colony number on a given plate was consistently 1 to 3 orders of magnitude higher than the number predicted (calculated from the following equation: original cell concentration ϭ colony number/volume plated ϫ dilution factor; Fig. 3) . A further complication with calculating plating efficiency is that liquid cultures of E. huxleyi contain both C cells and S cells, the relative proportion of which varies with the growth phase of the culture. Pure cultures at the C-cell stage have not previously been isolated and maintained in laboratory culture, and cultures consisting exclusively of S cells are described for the first time in this study. We have begun to isolate individual S-cell clones for analysis of life cycle phase transition events and to determine whether E. huxleyi is a monoecious or dioecious alga. Cells from single colonies were repeatedly streaked and restreaked onto F/50 plates to obtain pure cultures of haploid S cells. Several clonal isolates have been maintained on agar plate media for over 2 years. Microscopic observations of all these clonal isolates have indicated the presence of only S cells; regeneration of the diploid C-cell stage on solid media has never been observed. PCR amplification and sequencing of the RubisCO large-subunit and 16S ribosomal DNA genes from these S-cell clones have confirmed these isolates as E. huxleyi (data not shown). To date, preliminary attempts to regenerate the C-cell stage from S-cell clones, either individually or in test cross experiments, have not been successful.
Determination of relative DNA contents of C cells and S cells by flow cytometry.
To determine the relative DNA contents of strain 1516 C-cell and S-cell types employed in this study, cells were analyzed by fluorescence flow cytometry. Flow cytometry of log-phase cultures, consisting of C cells, showed a major peak at approximately channel 80 (coefficient of variation [CV], ϳ9%) and a smaller peak at ca. channel 160, corresponding to diploid C cells in the G 0 -plus-G 1 and M-plus-G 2 phases of the cell cycle, respectively (Fig. 6A) . A late-stationary-phase culture containing a large proportion of S cells relative to C cells yielded a large peak at approximately channels 40 to 45 (CV, ϳ9.5%), representing the haploid S-cell population, and a smaller diploid cell peak at channel 80 (CV, ϳ10%) (Fig. 6B) . Histogram analyses of flow cytometry samples of single-cell eukaryotes routinely exhibit statistical CVs of 9 to 12%, as reported here. These data confirmed that S cells of E. huxleyi strain 1516 contain one-half the DNA content of C cells, supporting the data by Green et al. (15) obtained from several geographical isolates of E. huxleyi strains grown in liquid culture.
Analysis of pure cultures of the S cells generated from growth on agar plates confirmed that the peak observed at channel 40 in stationary-phase liquid cultures represented the S-cell stage of E. huxleyi strain 1516. These pure S-cell cultures showed a single (although somewhat noisy) major peak with a statistical mean at approximately channel 40 (Fig. 6C) . Flow cytometry measurements of strain 1516 S cells resuspended from agar plates consistently yielded high CVs compared to those observed in liquid culture (30 to 40% versus 8 to 10%, respectively). Although cells were passed several times through a 25 1 ⁄2-gauge needle and sonicated prior to staining in an attempt to reduce aggregation, the results were unchanged. The noise most probably reflects aggregation of S cells with agar debris during sample preparation, which is likely to prohibit proportional staining of individual cells and/or lead to inaccurate cell counts during flow cytometry. Several other variables relating to sample preparation were evaluated in an effort to reduce the CVs of plated-cell samples. These included varying the type of fixative, the time of fixation and staining, the concentration of propidium iodide, and the amount of cell material per sample reaction. We also tried the more-sensitive SYBR Green I (Molecular Probes, Inc.), previously described as an effective stain for liquid-grown populations of marine picoplankton (23) under a variety of conditions. However, none of these methods was found to be effective for reducing the CVs of plated S-cell samples. The fact that the haploid S-cell peak can be observed in liquid cultures (Fig. 6B) supports our hypothesis with respect to aggregation during sample preparation.
Regeneration of coccolithophore cell stage from the swarm cell stage. Figure 7 shows the results of a typical experiment depicting the sequence of events occurring during phase transition from the haploid S-cell stage to the diploid C-cell stage. Following initial inoculation of S cells into liquid media from agar plate cultures, single motile S cells were observed over the first 24 h (Fig. 7, D1 ). By days 2 and 3, S cells began to aggregate into "packs," and these packs continued to increase in size through days 5 to 8. Highly motile S cells were observed at the periphery of the packs and appeared to lose motility as the packs increased in size. While these cell aggregates continued to increase in both size and number through days 7 to 10, several large C cells were visible within, or associated with, most S-cell aggregations by days 5 to 8 (Fig. 7, D8) . By days 8 to 11, C cells could be observed in almost every S-cell pack. After 14 days the cultures consisted of predominantly C cells and most of the remaining S cells had disappeared from the media by that time (Fig. 7, D14 ). The fate of these S cells, which apparently do not contribute to C-cell formation, is currently unknown.
To establish laboratory conditions for developing genetic techniques for E. huxleyi, we decided to evaluate the relative efficiency of regenerating the diploid C-cell stage from a population of haploid S cells. Regeneration efficiency was determined by plating a known concentration of C cells and incubating them for 4 to 5 days to ensure a complete phase transition to the S-cell stage. Next, these S cells were resuspended from plates and inoculated into microtiter wells (see Materials and Methods). Direct counts of C cells were performed following a 10-to 11-day incubation period on a 12-h light, 12-h dark cycle. Three replicates, each at original C-cell densities of 10 6 , 10 5 , and 10 4 cells per ml, had C-cell recovery levels of ca. 75, 97, and 98%, respectively, of their original populations. Interestingly, preliminary results from a single experiment under continuous light failed to regenerate the C-cell stage, suggesting the possibility that a dark induction might be involved in this phase transition.
DISCUSSION
The lack of detailed information on the life cycle of E. huxleyi has been due primarily to the inability to identify the conditions causing phase variation between the diploid C-cell and haploid S-cell stages. Previous attempts to identify specific mating types of E. huxleyi S cells had focused on gross morphological characteristics, such as scale morphology (4) or flagellum length (15) . However, the relative ploidy levels of S cells versus C cells as determined by flow cytometry (15, 16, 24) did not support these morphological criteria. Consequently, we have undertaken a microbiological and molecular approach to address questions relating to phase variation events in the life cycle of E. huxleyi. The goal of our research is to elucidate details of the life cycle of this organism for the development of genetic approaches directed to understanding the processes of biomineralization and coccolithogenesis in E. huxleyi.
Our preliminary studies of the C cell-to-S cell phase variation in E. huxleyi suggested that C cells could be induced to differentiate into S cells upon plating on agar media. However, before undertaking further studies on the life cycle of E. huxleyi, it was necessary to unequivocally determine that the colonies appearing on the F/50 plates consisted of E. huxleyi cells. The evidence presented herein arguing against bacterial contamination as the source of this growth, along with PCR amplification of the E. huxleyi RubisCO (rbcL) and 16S rRNA genes from single colonies, indicated that phase switching from FIG. 7 . Nomarski photomicrographs of E. huxleyi strain 1516 during phase transition from the S-cell to the C-cell stage. Note the "packing behavior" of S-cells beginning by about days 2 to 3, resulting in the formation of extremely large aggregations, and the eventual appearance of C cells within and around the S-cell packs by about day 9. Magnifications: D1, ϫ800; D3, ϫ320; D8, ϫ600; D14, ϫ600.
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PHASE VARIATION IN EMILIANIA HUXLEYI 3829 the C-cell stage to the S-cell stage is induced by plating E. huxleyi cells on solid media. We have determined that an exponentially growing population of C cells will differentiate into S cells very quickly following plating on solid media (rate, ca. 2 to 3% decrease in C cells per h). Analogous types of phase variation responses have been observed in studies of chemotaxis and phototaxis signal transduction in a variety of bacterial species. For example, the photosynthetic nonsulfur purple bacterium Rhodospirillum centenum produces motile cells with a single polar flagellum in liquid media (12, 27, 28) , whereas on solid media it produces peritrichously flagellated swarm cells. This differentiation event is dependent on the viscosity of the medium: increasing medium viscosity triggers the production of cells possessing numerous flagella. Swarm cell differentiation in Serratia liquefaciens also appears to be induced by exposure of cells to surfaces of a particular viscosity (20) . This environmental signal is thought to be received by an as yet unidentified sensor, initiating a signal transduction cascade which has been demonstrated to proceed via motility master operon flhDC (20, 36) . The production of S cells in E. huxleyi from C cells on solid media is particularly intriguing in that it also involves a phase switch from the diploid to the haploid life cycle stage. Flow cytometry data from this study have confirmed that the relative ploidy level of E. huxleyi strain 1516 S cells is indeed half that of C cells. Previous studies of life cycle dynamics of E. huxleyi have inferred relationships between C cells and S cells exclusively from microscopy of "mixed" cultures. Our flow cytometry data of pure cultures of S cells (plated cells), taken together with PCR amplification of the E. huxleyi rbcL and 16S rRNA genes from single colonies and time course Nomarski optics microscopy, have clearly demonstrated diploid-to-haploid phase transition in a marine coccolithophorid for the first time.
The global distribution of E. huxleyi suggests that it must possess the ability to sense environmental changes, including changes in local fluid motion and medium viscosity. Recently studies with transgenic diatom cells have uncovered sensing systems for detecting and responding to osmotic stress, fluid motion, and iron (11) . Perhaps there are similarities in the environmental signals and cognate sensor systems affecting cell motility in bacteria and those involved in inducing the E. huxleyi diploid-to-haploid phase transition, resulting in the generation of a motile life cycle stage. The ability to induce this life cycle phase switch in E. huxleyi allows us to investigate the signal transduction mechanisms involved in this process, and we are currently conducting studies to test these hypotheses.
We have not been able to determine, to this point, how many S cells arise from a single C cell. In diatoms and many other unicellular algae, gametes are produced from meiotic nuclear division, followed by multiple mitotic divisions to produce from 8 to over 128 microgametes from a single diploid cell (1, 9) . Our preliminary microscopic observations suggest that the number of haploid S cells formed per diploid C cell in E. huxleyi may also be large. This hypothesis was also supported by plating results showing that the "actual" number of colonies observed on agar plates was consistently orders of magnitude higher than the "expected" number based on the original number of C cells plated. However, due to the extremely small size of S cells and their tendency to aggregate when resuspended from an agar surface, we have been unable to obtain accurate counts under the experimental conditions employed, including attempts to quantitate cell number using Coulter counter technology. We are currently evaluating other methodologies (e.g., fluorescence flow cytometry) to establish a quantitative relationship between C-cell and S-cell numbers.
To initiate efforts at unraveling the molecular events, or signal transduction mechanism(s), involved in phase variation in the life cycle of E. huxleyi, we set up experiments to regenerate the diploid C-cell stage from haploid S cells. When S cells were inoculated from plates into liquid media, the sequence of events leading to the formation of C cells followed a predictable pattern, proceeding from single motile S cells, through the formation of large aggregations of S cells, and finally resulting in cultures consisting almost exclusively of C cells (11 to 14 days of incubation). Of particular note regarding this phase transition is the fate of the large numbers of S cells that apparently do not contribute to zygote formation. Although large packs of these S cells can be observed up through ca. days 5 to 9, these cells are barely detectable after about day 11 or 12. A similar situation has been described in studies of gametogenesis in the unicellular marine diatom Thalassiosira weissflogii Grun (1). In studies of this alga, cessation of a dark incubation period required for gamete formation resulted in the disappearance of the large numbers of remaining gametes in the culture over about a 50-h time period. The authors hypothesized that the cells may have died and "disintegrated" over time following removal of the induction signal, and thus the fate of these cells in this well-characterized marine diatom remains unresolved. Nonetheless, there is precedent for this phenomenon, which we observed in this study with E. huxleyi. Considering the lack of any published data on gametogenesis and sexual fusion in E. huxleyi, the fate of these S cells must await future investigation.
The comparatively low number of diploid C cells generated from within groups of hundreds of S cells suggests that not all S cells may be capable of acting as gametes. This situation is not uncommon among unicellular eukaryotes, where sexual reproduction involves genes responsible for both determination of mating type and mate recognition to ensure fusion of specific mating types (13, 22) . In diatoms, the percentage of cells induced to undergo spermatogenesis was shown to be dependent on three factors: (i) an induction signal (e.g., shift from dim light or darkness) (1), (ii) a decrease in cell size to less than 30 to 40% of its maximum (9) , and (iii) the stage of the cell cycle (1). Apparently, once a diatom cell proceeds through an inducible region of G 1 in dim light or darkness, completion of spermatogenesis then requires the possession of a particular genetic constitution. The situation in yeasts is also complex. In these organisms (e.g., Saccharomyces cerevisiae), meiosis occurs only in cells that are heterozygous at the mating locus and an environmental signal involving nutrient limitation is also a prerequisite for sex cell formation (25) . The life cycle of marine coccolithophorids is complex, and many factors may be involved in the control of phase variation between haploid and diploid life cycle stages and in mating cell development, gamete recognition, and sexual fusion. Some researchers have even hypothesized that a haploid S cell in the G 2 phase of the life cycle might give rise to a diploid C cell (15, 33) . However, this hypothesis could not be experimentally addressed utilizing DNA flow cytometry and microscopy of liquid-grown E. huxleyi cultures as the research tools. Efforts are under way in our laboratory to employ our clonal S-cell isolates in phase transition experiments to determine whether E. huxleyi is a monoecious or dioecious alga. Our ability to manipulate the life cycle stages of this organism under laboratory-controlled conditions will be particularly useful for designing experimental approaches for addressing these types of questions.
These studies have established, for the first time, laboratory conditions for inducing phase switching between the haploid S-cell and diploid C-cell life cycle stages of marine coccolithophorid E. huxleyi. We have discovered that C cells can be induced to differentiate into S cells upon exposure of cells to a solid surface and that this life cycle stage may be maintained indefinitely under these conditions. We have also shown that the C-cell stage can be regenerated from the S-cell stage. To date, most information on the life cycle of E. huxleyi has only been phenomenologically demonstrated, and little is known about the ecology and environmental signals that induce phase switching in this marine alga. These data provide us with a potentially powerful tool for generating recessive mutations in E. huxlyei and for investigating the environmental factors and signal transduction mechanisms responsible for phase variation events in the life cycle of this ecologically and biomedically important marine alga.
